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INTRODUCTION

Providing accurate air data measurements for high-speed aircraft during flight
research programs requires considerable test effort. Extensive wind tunnel and
flight tests are often made to obtain ambient static pressure and Mach number cali-
brations to cover the wide flight regimes of research aircraft (refs. 1 and 2). Sev-
eral onboard sensors were needed to determine air data parameters during the
X-15 program because no single onboard air data sensor available provided reliable
air data parameters over the speed and altitude ranges tested (ref. 1). The flight
regimes predicted for future research aircraft are even wider (ref. 3); consequently,
there is a continuing need for the investigation and evaluation of new sensors.

A sensor that may be useful for air data measurements at supersonic and hyper-
sonic speeds is a probe that permits enough air to flow through it to cause the normal
shock wave to lie inside instead of in front of the probe. Probes of this type, which
are called shock-swallowing probes, have been used in wind tunnels and arc-jets
to measure mass flux and other free-stream flow parameters (refs. 4 and 5). The
purpose of this report is to present the results of a brief exploratory wind tunnel
test which evaluated the feasibility of using a shock-swallowing air data probe for
high-speed aircraft. The probe was designed to measure free-stream Mach number
by measuring internal total and static pressure and could be incorporated into a
conventional airspeed nose boom installation. The investigation was conducted in
the Langley 4- by 4-Foot Supersonic Pressure Tunnel.



SYMBOLS AND ABBREVIATIONS

M Mach number

AM Mach number error, M_ - local Mach number
p static pressure

P, total pressure

Re Reynolds number

a angle of attack

B angle of sideslip

Subscripts:

oo tunnel free-stream condition
i internal total pressure tube
301,303,307 static pressure orifices

TEST PROBES AND VARIABLES

The essential difference between the operation of a conventional airspeed probe
and that of a shock-swallowing probe is shown in figure 1. With a conventional
probe (ref. 6) there is no internal flow. At supersonic speeds total pressure is
sensed behind the probe's bow shock, and static pressure is sensed by means of
external static pressure orifices downstream of the probe tip. Mach number is
determined from these two measurements. As speed increases, the probe bow shock
bends backward and increasingly tends to influence the static pressure sensed at
the external orifices.

With the shock-swallowing probe, there are openings or exit areas near the
rear of the probe and air is permitted to flow through the probe. This permits the
bow shock to be swallowed. There is a series of static pressure ports inside the
probe as well as a small total pressure tube. Mach number is determined from the
internal total pressure and static pressure measurements. The effect of the external
shock at the probe tip on the internal static pressures should not be as great as the
effect of the bow shock on the external orifices of the conventional probe. Hence,
static pressure and Mach number should be close to free-stream values.

One of the variables explored in the feasibility test was the exit area necessary
to cause and maintain the swallowing of the shock. Another was the longitudinal
position of the internal total pressure tube that resulted in the lowest Mach number



error. The location of the internal static pressure orifices that resulted in the most
accurate Mach number calculation was also explored: it was suspected that static
pressures measured near the probe tip would be closer to free-stream values than
static pressures measured downstream in the probe, where they could be expected
to be influenced by the internal shock system. Finally, five different probe tips
were tested to determine the effect of the probe tip shape on the data.

The probe (fig. 2) was designed to swallow shocks at Mach numbers greater
than approximately 1.1. In figure 2(a), the external sleeve that regulates the exit
area is shown in the minimum area position; figure 2(b) shows the external sleeve
in the maximum area or wide-open position. (The exit area consists of four oval
slots, only two of which are visible.) In the wide-open position, the exit area is
approximately four times the probe entrance area. Figure 3 is a drawing of the test
probe in the wide-open sleeve position and shows the probe's movable internal total
pressure tube and the tips tested.

WIND TUNNEL AND TEST CONDITIONS

The Langley 4- by 4-Foot Supersonic Pressure Tunnel is a continuous-flow tun-
nel with a total pressure range from 1.38 N/cm? to 17.2 N/em? (2.0 psi to 25.0 psi)
at a constant total temperature of approximately 317 K (570° R). Discrete Mach
numbers from 1.41 to 2.20 can be obtained by using interchangeable nozzle templates.

The investigation was conducted at a free-stream Mach number of approximately
1.83 and at total pressures of 6.9 N/em?, 10.4 N/cm?, and 13.8 N/em? (10 psi,
15 psi, and 20 psi). Total temperature was held at 317 K (570° R). The range of
angle of attack was approximately -5° to 15° and the range of angle of sideslip was
approximately #4°. Reynolds number ranged from approximately 8.2 X 10° per
meter (2.5 X 10° per foot) to approximately 16.4 X 10° per meter (5 X 10° per foot).
Figure 4 shows the probe in the wind tunnel.

TEST PROCEDURE

Two other pitot-static pressure probes were used during the investigation to
determine as closely as possible the actual free-stream Mach number at the location
of the experimental probe (fig. 4). One pitot-static probe was attached in the man-
ner of an outrigger to the support for the experimental probe, so that the two probes
were parallel and could be simultaneously traversed across the test section and
varied in angle of attack and angle of sideslip. Since this pitot-static probe was
mounted on the side of and with sufficient separation from the experimental probe,
there was no flow-field interference between the probes over the angle of attack and
angle of sideslip ranges tested. The other pitot-static probe, which was also
mounted in the free-stream flow, was fixed to a bracket mounted on the wind tunnel
wall. It was so located that its flow field did not interfere with the two probes in
the center of the tunnel.



During the investigation the outrigger probe and the wall-mounted probe were
used as free-stream Mach number calibration devices between the centerline of the
test section and the wall. Continuous measurements of Mach number were obtained
from the wall-mounted pitot-static probe for each test condition. Since there was a
slight variation in Mach number across the test section, the Mach number determined
from the pressure measurements obtained near the wall were corrected to the value
at the experimental probe location. The correction was found by periodically tra-
versing the outrigger probe to the center of the test section, which was the data
acquisition location of the experimental probe. The difference between the Mach
numbers found at the two locations was used to correct the Mach number value deter-
mined at the wall.

This procedure, however, accounts only for the variations in free-stream Mach
number between the center of the test section and the wall. It does not account for
possible variations in Mach number in the region of the test section covered during
an angle of attack sweep. To vary angle of attack and angle of sideslip during a test
run, the experimental probe and its support were mounted in a pitching mechanism
that was mounted in the permanent strut of the wind tunnel. Since the pivot point of
the pitching mechanism was not at the location of the experimental probe, the loca-
tion of the probe in the test section varied considerably during an angle of attack
sweep. However, when angle of sideslip alone was varied, the experimental probe
remained in approximately the same position in the test section. It is believed that
any variations in Mach number due to these effects did not significantly affect the
results obtained.

INSTRUMENTATION AND ACCURACY

Figure 5 shows the locations of the internal static pressure orifices for probe
tips 1, 2, 3, 4, and 5. The 300-series orifices, which were between 0.635 centi-
meter (0.25 inch) and 0.76 centimeter (0.30 inch) in back of the probe tip, were
closest to the leading edge of the tips in all cases. The 100-series orifices were
farther downstream inside the probe.

Also shown is the distance traveled by the internal total pressure tube. For
tips 1, 2, and 5, the front end of the tube could be moved from a position at the
downstream end of the 100-series orifices to a position outside the probe. For tips 3
and 4 the most upstream position of the tube was inside the probe.

The wind tunnel settling chamber pressure and the pressures for the pitot-static
probes were measured with precision mercury manometers, which had an error
level of +0.005 N/cm? (#0.007 psi). The pressure inside the experimental probe's
total pressure tube was measured with a single +3.4-N/cm? (#5.0-psi) differential
pressure transducer, which had an error level of +0.013 N/cm? (+0.019 psi). The
experimental probe's internal static pressures were measured with +10.3-N/cm?
(#15.0-psi) differential pressure transducers, which had an error level of
+0.022 N/cm? (#0.032 psi). The free-stream Mach number of the test section's
centerline was determined from pitot-static pressure measurements and was accurate
to ¥0.005. Local Mach numbers at the experimental probe were determined from



measurements made at the internal static pressure orifices and total pressure tube
and was accurate to +0.01.

Angle of attack was measured by using an accelerometer angular position trans-
ducer, which had an error of £0.02°. Angle of sideslip was measured with a vari-
able resistance angular position transducer, which had an error of #0.1°. Since
flow angularity in the test section was not determined for these tests, the accuracy
of the angle of attack and angle of sideslip of the wind tunnel airflow cannot be given.

RESULTS AND DISCUSSION

All the tips tested exhibited similar characteristics. The probe bow shock was
swallowed and kept within the probe throughout the angle of attack and angle of
sideslip ranges tested. The effects of changing the position of the total pressure
tube and sleeve were similar for all the tips tested. Therefore, the results are
discussed in detail for tip 1 only; the discussion of the other tips is brief.

Tip 1

Effect of sleeve position and internal total pressure tube position.— Figure 6
shows Schlieren photographs of both the swallowed and the expelled bow shock. In
figure 6 (a), which was taken while the shock was swallowed, the sleeve is in the
wide-open position and a portion of the complex internal shock pattern appears
through the openings. In figure 6(b) the sleeve is in the closed position and the
bow shock is expelled.

The effect of opening the sleeve on Mach number error, AM, is shown in fig-
ure 7. Local Mach number was calculated from total pressure and the average of
the static pressures obtained from static pressure orifices 303 and 307. Two regimes
of probe operation are indicated — shock expelled and shock swallowed. When the
shock is expelled, the Mach number error is unacceptably large; when the shock
is swallowed, the error is low and averages approximately -0.03. Once the shock is
swallowed, which occurs when the sleeve is approximately 25 percent open, AM is
unaffected by further increases in exit opening. The test Mach number error for
the point just before the shock is swallowed agrees closely with the theoretical Mach
number error for shock-expelled operation when the normal shock is at the tip
entrance.

Figure 8 shows the effect of the position of the internal total pressure tube on
the total pressure ratio, p ¢ /D . for several angles of attack. The sleeve was wide
i oo

open for the tests. For positions near the probe tip, both inside and outside the
test probe, there is no difference between indicated total pressure and free-stream
total pressure. However, as the tube moves downstream in the probe, internal
shock wave effects become evident. Similarly, figure 9 shows the effect of total
pressure tube position on Mach number error. Local Mach number error was calcu-
lated from total pressure and the average of the static pressures obtained from static



pressure orifices 303 and 307. The effects of internal shock waves are evident in
the data farther upstream than in the total pressure data in figure 8. The minimum
Mach number error excluding the shock wave region ranges from 0.025 to 0.050
and occurs when the tube is near the probe tip.

Effect of angle of attack and angle of sideslip.— Figure 10 shows the Mach
number errors for individual static pressure orifices as a function of angle of attack.
Angle of sideslip was approximately 0°. The 300-series orifices (fig. 10(a)) show
linear variation over a reasonably wide range of angle of attack. Of the orifices
shown, orifices 303 and 307 are the least affected by changes in angle of attack and
show the lowest values of AM. The 100-series orifices (fig. 10(b)) exhibit nonlinear
variation throughout the angle of attack range. The nonlinearities indicate strong
internal shock wave effects, and Mach number error increases as angle of attack
changes positively or negatively from 0°. Consequently, data from these orifices
for all tips were eliminated in further data analysis.

Figures 11(a) to 11(c) show the variation of Mach number error with angle of
sideslip for fixed angles of attack of approximately 0°, 3°, and 5°, respectively.
Quasi-linear relations are evident for all of the 300-series orifices. Static pressure
orifices 303 and 307 show essentially the same variation with sideslip for all three
angles of attack. The variation of the other orifices for the three angles of attack
differs, however.

Since the pressures from orifices 303 and 307 were affected least by changes in
angle of attack (figs. 10 and 11), they were used in further Mach number error
analysis. Figure 12(a) shows the Mach number error obtained by averaging the
static pressures measured at orifices 303 and 307 versus angle of attack. Data for
two Reynolds numbers are shown, and the higher Reynolds number data show a
lower AM than the lower Reynolds number data. Data from three conventional probes
are also shown. At the low angles of attack for which comparisons are possible, the
shock-swallowing probe results are coniparable to the results for the conventional
probes.

Figure 12(b) shows the variation of Mach number error for the average of the
pressures from orifices 303 and 307 with angle of sideslip. Data are shown for two
Reynolds numbers for an angle of attack of approximately 0° and also for approxi-
mate angles of attack of 0°, 3°, and 5° for one Reynolds number. These data also
show a lower AM at the higher Reynolds number. Up to B &~ #2°, AM varies little
with angle of sideslip. Beyond B = #2°, AM increases markedly. The effect of
angle of attack on AM, which is shown on the right, is slight.

Figure 13 illustrates the use of the shock-swallowing probe to measure angle of
P3o7 * P3o3

Pgor = — 3

3

i
parameter shows a predictable relationship with angle of attack but is little affected
by Reynolds number. The data are shown for an angle of sideslip of approximately

0°. Similarly, figure 14 shows the use of the shock-swallowing probe to measure

attack by plotting the parameter versus angle of attack. This



- P307 ~ P303 : N
angle of sideslip by plotting the parameter T against angle of sideslip.
t,
i
The parameter shows excellent linearity with angle of sideslip for the test conditions
and is not affected by Reynolds number or angle of attack.

Tips 2, 3, 4, and 5

Figure 15 and 16 present AM versus angle of attack and angle of sideslip,
respectively, for tip 2. These data closely resemble the corresponding data for
tip 1 (figs. 10 and 11) except for the abrupt change in AM in figure 15 at « ~ 13°.
This change does not occur in the tip 1 angle of attack data.

Figure 17 shows AM versus angle of attack for tip 3 with orifices 301 and 307
oriented in the horizontal plane. These results are generally inferior to the corres-
ponding results for tips 1 and 2 in that there are large Mach number errors for all
the orifices.

Figures 18 and 19 present AM versus angle of attack and angle of sideslip,
respectively, for tip 4. The data were obtained with orifices 303 and 307 oriented
in the horizontal plane. In figure 18, there are low Mach number errors for ori-
fices 301, 302, 303, 307, 308, and 309 throughout the angle of attack range. In
figure 19, these orifices behave like orifices 303 and 307 in tips 1 and 2.

Figures 20 and 21 present AM versus angle of attack and angle of sideslip,
respectively, for tip 5. In figure 20, the data resemble the corresponding data for
tips 1 and 2 except ata > 7°, The data in figure 21 closely resemble the corres-
ponding data for tips 1 and 2.

In general, the results from tips 2, 4, and 5 are roughly comparable to the
results from tip 1, whereas the results from tip 3 are inferior.

CONCLUSIONS

A brief wind tunnel test was conducted at a Mach number of 1.83 to explore the
feasibility of using a shock-swallowing airspeed probe for high-speed aircraft.
Tests were conducted over an approximate angle of attack range from -5° to 15° and
an approximate angle of sideslip range of *4° and for various probe tip shapes.
Reynolds number ranged from approximately 8.2 X 10° per meter (2.5 X 10° per
foot) to approximately 16.4 X 10° per meter (5 X 10° per foot). The following
conclusions were drawn:

For all probe tips tested, the bow shock was swallowed and kept within the
probe over the test angle of attack and angle of sideslip ranges.



There was no difference between the total pressure measured by the movable
internal total pressure tube and free-stream total pressure when the tube was near
the probe tip. Mach number error was also at a minimum when the total pressure
tube was close to the probe tip.

Once the exit area was opened far enough to permit the shock to be swallowed,
Mach number error was insensitive to further increases in exit area. The Mach
number error before the shock was swallowed agreed closely with theoretical pre-
dictions of Mach number error for shock-expelled operation with the normal shock
at the probe entrance.

For four of the five tips tested, the Mach number error derived by averaging
two static pressures measured at horizontally opposed positions near the probe
entrance was least sensitive to angle of attack. The Mach number error so derived
was comparable to the errors obtained for conventionally designed airspeed sensors.
The same orifices were used to derive parameters that gave indications of angle of
attack and angle of sideslip.

The results from four of the five tips tested were roughly comparable. The
results from a fifth were generally inferior.

For all tips, the static orifices on the internal wall close to the probe tip pro-
duced the best data, because the orifices farther downstream were affected by
internal shock waves and generally produced erratic results.

Flight Research Center
National Aeronautics and Space Administration
Edwards, Calif., March 10, 1975
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(a) Shock swallowed.

(b) Shock expelled.

Figure 6. Schlieren photographs of probe swallowing and expelling shock.
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(b) Effect of angle of sideslip.

Figure 12. Mach number error resulting from average of static pressures

measured at orifices 303 and 307.

Tip 1.
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Figure 13. Calibration showing use of shock-swallowing probe to measure angle
of attack. B =~ 0°, tip 1.
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Figure 15. Mach number error versus angle of attack for the
300-series orifices in tip 2. Sleeve wide open; total pressure
tube position = 5.1cm (2.0in.); Re = 16.4 X 10°® per m

(5 X 10° per ft); p =~ 0°.
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(b) a = 3°,

Figure 16. Mach number error versus angle of sideslip for the 300-series
orifices in tip 2. Sleeve wide open; total pressure tube position = 5.1 cm
(2.0in.); Re~ 8.2X 10° per m (2.5X 10° per ft).
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Figure 16. Concluded.
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Figure 17. Mach number error versus angle of attack for the 300-series
orifices in tip 3. Sleeve wide open; total pressure tube position = 7.5 cm
(2.9in.); Re =~ 16.4X 10° per m (5X 10® per ft); B = 0°; orifices 301 and
307 oriented in the horizontal plane.
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Figure 18. Mach number error versus angle of attack for the 300-series
orifices in tip 4. Sleeve wide open; total pressure tube position = 6.6 cm
(2.6in.); Re~ 12.4X 10° per m (3.8X 10° per ft); B = 0°; orifices 301

and 307 oriented in the horizontal plane.
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Figure 19. Mach number error versus angle of sideslip for the
300-series orifices in tip 4. Sleeve wide open; total pressure
tube position = 6.6 cm (2.6in.); Re ~ 12.4X 10® per m

(3.8X 10° per ft); orifices 301 and 307 oriented in the horizon-
tal plane.
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Figure 19. Continued.
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Figure 19. Concluded.
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Figure 20. Mach number error versus angle of attack for the
300-series orifices in tip 5. Sleeve wide open; total pressure
tube position = 4.0 cm (1.6in.); Re ® 12.4X 10° per m
(3.8X 10% per ft); B =~ 0°.
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Figure 21. Mach number error versus angle of sideslip for the
300-series orifices in tip 5. Sleeve wide open; total pressure
tube position = 4.0 cm (1.6in.); Re~ 12,4 X 10° per m

(3.8X 10° per ft).
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(c) a = §°,

Figure 21. Concluded.
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